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ABSTRACT

MAPPING AUDITORY AND VESTIBULAR RESPONSE NEURONS IN THE OPTIC
TECTUM OF LARVAL ZEBRAFISH

Erika C. Marks
Neuroscience Center
Bachelor of Science

Cellular mapping of the sensory receptive fields of brain structures is a critical
step in understanding function and disfunction in development. Deficits in the ability to
receive, process and integrate the senses leads to difficulties recognizing and responding
appropriately to stimuli. To understand how the senses are integrated, it is first necessary
to map the neurons receptive to inputs from individual senses. The optic tectum of
zebrafish is a structure known for its homology to the superior colliculus of mammals and
is a center of multisensory integration – including visual, auditory, and somatosensory
stimuli. However, the microcircuitry of this important structure has not been determined,
particularly in regard to the auditory and vestibular senses. We stimulated the ear of
larval zebrafish, developed sensory-pad-specific activation techniques, and mapped the
responding neurons in the optic tectum to stimuli from the Posterior Cristae. Identifying
these unique neurons opens the door to future research of morphological and molecular
characterization of these neurons, which will help elucidate the mechanism of sensory
integration with implication in cognitive developmental disorders.
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MAPPING AUDITORY AND VESTIBULAR RESPONSE NEURONS IN THE OPTIC
TECTUM OF LARVAL ZEBRAFISH

Introduction
The ability to receive, process, and integrate various sensory inputs is critical for
generating appropriate responses to the world around us. Deficits in these abilities lead to
difficulties recognizing salient or relevant stimuli and responding to them appropriately.
Many cognitive developmental disorders effect the ability to integrate sensory inputs.
One such disorder is autism spectrum disorder (ASD) where sensory hypersensitivity is a
common symptom. Understanding how the brain processes separate sensory inputs, prior
to synapsing in the cortex, is a critical step in discovering the mechanisms of sensory
integration that may be affected in those with ASD or other cognitive developmental
disorders.
A known location of multisensory reception and integration is the mammalian
midbrain structure, the superior colliculus (SC), which is preserved across most vertebrae
(Liu et al., 2022). The SC receives visual, auditory, and somatosensory inputs; however,
how each sensory input is
processed in the SC is
currently unknown. The
SC homologue in zebrafish
is the optic tectum (OT),
one of their largest brain
structures (fig. 1) (Rad &

Fig. 1 – (A) The human SC, as seen with a removed cerebellum
and cerebrum from the posterior. (B) The zebrafish OT tagged
with GFP, viewed dorsally.
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Johnson). At larval stages this midbrain structure is composed of two layers: a cellular
layer, consisting primarily of tectal neuron cell bodies; and a neuropil layer, consisting of
tectal neuron neurites. To confirm the presence and map the location of neurons that
respond to auditory and vestibular information from the inner ear, the zebrafish (Danio
rerio) model organism proves ideal. During development zebrafish are transparent,
making it possible to use genetically encoded fluorescent calcium indicators for in vivo
detection of neuronal responses to stimuli.
Much work has been done in the zebrafish OT to classify neuron types,
morphologies, and microcircuitry (Martin et al., 2022; Nevin et al., 2010; Yin et al.,
2019a). However, the microcircuitry of the auditory and vestibular systems from the
inner ear is largely unexplored, though auditory stimuli has been shown to synapse in the
OT to a relatively broad range of
pitches as young as 6 days post
fertilization (dpf) (Favre-Bulle et al.,
2018; Isa et al., 2021; Poulsen et al.,
2021; Thompson et al., 2016;
Vanwalleghem et al., 2017). The exact
microcircuitry and vestibular
contributions in larval zebrafish have
yet to be elucidated.
The larval zebrafish inner ear
has five sensory pads: two sensory pads
known as macula, and three sensory

Fig. 2 – The larval zebrafish’s inner ear. The anterior
maculae (AM) and posterior maculae (PM) develop
into the utricle and saccule otoliths respectively. The
anterior cristae (AC), medial cristae (MC) and
posterior cristae (PC) develop into the base of the
semicircular canals. The hair cells have been tagged
with a calcium indicator, cytoRGECO, so they are
visible while the otoliths are not.

2

regions known as cristae (fig.2). The anterior maculae (AM) will develop into the utricle,
and the posterior maculae (PM) into the saccule. The utricle is thought to perceive linear
acceleration, while the saccule is thought to be the primary auditory sensory organ.
(Leitner, 2014; Nicolson, 2005; Vanwalleghem et al., 2017). The anterior cristae (AC),
medial cristae (MC), and posterior cristae (PC) form the base of the semicircular canals
in adulthood and allow the fish to perceive rotational acceleration. Due to the complexity
innate in zebrafish inner ear circuitry, these distinctions are not perfect and each pad will
respond to other stimuli as well (Leitner, 2014; Lu & DeSmidt, 2013). The complex inner
ear structure of the larval zebrafish has not yet been mapped in the OT microcircuitry. By
identifying which neurons respond specifically to inner ear activation, the microcircuitry
of the zebrafish OT can be elucidated in regard to vestibular and auditory inputs from
their environment.

Results and Discussion
Chemical Activation of the Inner Ear
We initially aimed to confirm that activation of the inner ear in zebrafish larvae at
7 dpf leads to activation of OT neurons. To accomplish this, we took the approach of
chemically activating all of the ear sensory pads in transgenic animals that express the
mammalian TrpV1 channels in the mechanosensory hair pads (MHC).
Mammalian TrpV1 channels are non-selective cation transmembrane channels
sensitive to heat and chemicals, such as capsaicin, that allow cations to flow and
depolarize the membrane, triggering an action potential (fig. 3B). Capsaicin, the active
chemical found in peppers that humans perceive as spicy, is a TrpV1 agonist that was
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A

Fig. 3 – Capsaicin is an agonist for TrpV1, a non-selective cation channel. (A) the molecular
structure of capsaicin. (B) TrpV1 is a transmembrane channel that binds capsaicin and
allows cations, including calcium, to follow their concentration gradients into the cell.

first isolated in the late 1800s and synthesized in a lab for the first time in 1930
(Saljoughian, 2009). TrpV1 has 4 subunits, each consisting of 6 transmembrane domains,
with the capsaicin binding between domains 1 and 2 on the exogenous side of the cell,
and a selectivity filter between domains 5 and 6 which allows all cations to pass (Kande
et al., 2021). Predominantly, sodium will enter the cell and depolarize the membrane,
contributing to input summation toward an action potential and the release of glutamate.
Calcium will also flow in, which binds to the calcium indicator artificially encoded into
the same cells and is an accurate visualization of cell activation (Ashley & Ridgway,
1968; Grienberger & Konnerth, 2012).
In zebrafish, the TrpV1 ortholog has only the ability to respond to heat but not
capsaicin (Gau et al., 2013), making the mammalian TrpV1 a good tool to conditionally
activate zebrafish neurons via capsaicin. Tg(myo6b:TrpV1) transgenic animals that
express the mammalian
TrpV1 channels using
the myo6b promoter,
which is expressed in

Fig. 4 – The lateral line of zebrafish is made up of MHC and detect water
currents surrounding the fish.
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MHC of the ear and lateral line of the zebrafish, were a gift from the Raible lab at
University of Washington (fig. 4). (The lateral line is a special sensory organism that
contains the same cell type as the ear and is sensitive to water currents, necessary for
hunting and escape behaviors.) Additionally, this transgenic line has been bred for
Tg(myo6b:RGECO) which allows the co-expression of the red fluorescence genetically
engineered calcium indicator, RGECO, in MHC along with the mammalian TrpV1 (fig.
5). This allows us to monitor activation of MHC upon the addition of capsaicin.
Utilizing this system, we were able to activate the ear with capsaicin, mimicking
chemically what usually occurs mechanically. To ensure that no lateral line activation
interfered with brain activity due to ear
activation, the lateral line of 7 dpf larvae
was ablated using CuSO4 treatment
(Mackenzie & Raible, 2012). The larvae
were then immobilized by injecting abungarotoxin in the blood stream before
being embedded dorsally in agar. A wedge
Fig. 5 – A MHC with TrpV1 channels
inserted allows calcium influx in the presence
of capsaicin. This influx triggers the release
of glutamate, along with binding to RGECO
and causing fluorescence.

removed close to the ear to allow the
capsaicin access to the TrpV1 channels.
Imaging was performed on the confocal

microscope. While imaging constantly to detect ear sensory pad activation as visualized
by increase in RGECO fluorescence, capsaicin was added to the embryo medium (EM)
on frame 5 of 180 for a final concentration of 0.1uM.
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Each pad’s activation was assayed using the described procedure (fig. 6A&B). As
expected, all pads activated upon addition of the capsaicin and gradually loss activity
after the capsaicin was diluted out. The only pad that did not have clear activation, when

Fig. 6 – Capsaicin activated exogenous TrpV1 channels localized in MHC show there is circuitry to
the OT from the ear at 7dpf. All images and graphs are representative of entire dataset (A) The PC
prior to activation. (B) The PC during activation, at peak intensity. (C) Each of the pads activate in
response to capsaicin addition (D) A heatmap of tectal neurons’ responses to ear activation.

the larvae was embedded dorsally, was the PM (fig. 6C). At this embedding angle the pad
was barely detectable, so we embedded fish laterally and imaged again. At this angle we
were able to see clear activation of the PM, leading us to believe that we were simply not
able to detect activation earlier due to positioning of the embryo. Each of the cristae
activated in a time-locked manner, with the maculae responding a few frames later (PM
activation data not shown). The PC (fig. 6A&B) showed the most stringent time-lock and
had the most activation at this capsaicin concentration.
Once each pad was confirmed to activate in a consistent manner, we wanted to
determine if the contralateral OT responded to the chemical activation of the ear sensory
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pads. To determine this, we used an enhancer trapped line y304Et(cfos:Gal4) (Marquart
et al., 2015) crossed to Tg(UAS:H2BjRGECO1a) transgenic line (generated in our lab)
that allows expression of the nuclear localized fluorescent calcium indicator jRGECO1a
in the OT of zebrafish. Despite OT activation sometimes being delayed and not always
time-locked to capsaicin application (most likely due to the difficulty in adding capsaicin
always at the same place leading to differences in diffusion profiles), it was clear that the
OT does respond to auditory and vestibular activation (fig. 6D). The OT neurons showed
selective activation, indicative of limited neurons firing in response to the stimuli, which
is what was expected. Though most fire at the same time point, some fire later than the
majority, suggesting that these may be the targets of the initial auditory and vestibular
responding neurons.
Though chemical activation of the MHC is
a powerful probing technique, it has many
shortcomings. While we were able to confirm that
the OT circuitry is mature enough to receive
auditory and vestibular inputs at 7dpf, all 5 pads

Fig. 7 – Each pad of the ear activates
the OT, though the unique circuitry of
each remains unknown

were activated at once, and so the nuances of each pad’s circuitry could not be seen (fig.
7). Additionally, experimental replications on the same larva was difficult since our set
up does not currently allow for efficient removal of capsaicin. In fact, even upon
pumping out the capsaicin and adding fresh EM, there were traces of the capsaicin which
created confounding variables in replication attempts. Finally, the manual application of
capsaicin by a handheld pipette led to differences in the location and timing of the
chemical application, its diffusion, and subsequent OT responses.
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Mechanical Activation of the Inner Ear Sensory Pads
To map the OT circuitry specific to
each pad, which was hidden by the total-earactivation using the Trpv1 system, we
mechanically activated individual pads
using a glass probe driven by a piezoelectric
actuator, which has been previously used on
larval zebrafish (Lu & DeSmidt, 2013).
Piezoelectric actuators allow for very short,
controlled vibrations that can be triggered
by a computer (fig. 8). Larval zebrafish
Fig. 8 – The general setup of the piezoelectric
actuator connected to the glass probe.

respond to a wide range of frequencies, but

the sensory pads most strongly respond to stimuli around 300 Hz (Poulsen et al., 2021).
In collaboration with Dr. Traci Nielsen in the Physics department, we used a hydrophone
to show that the 300 Hz setting on the piezoelectric actuator indeed delivered 300 Hz
sinusoid waves.
This technique brought its own challenges which needed to be addressed, namely
the orientation of the probe relative to each pad for optimal MHC activation. MHC have
stereocillia on their apical side, which are interconnected with tiplinks connecting the
mechanosensory channels at the top of the shorter steriocillium to the middle of the
neighboring, taller steriocillium. Deflection of the sterocillia leads to the tugging of the
tiplink, the opening of the mechanosensory channel and the subsequent depolarization of
the sensory cell. MHC of each pad have different orientations, which allow the fish to
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recognize what
direction sound is
coming from and
orient their bodies
toward prey or away
Fig. 9 – A close look at the PC’s kinocilium orientation. From this image,
we knew we had to position the probe to approach the PC from the caudal
angle.

from predators.
Because each pad

has unique orientations, it is critical to position the probe at an angle that will push on the
pad such that the cilia deflect toward the tallest one, the kinocilium, thereby opening the
mechanosensory channels. To determine this angle, we used phalloidin staining to stain
the actin of the MHC (fig. 9). This allowed us to differentiate the kinocilium and see it’s
orientation in relation to the other cilia. To activate the pads of the ear, the probe must be
positioned against the cell bodies on the side of the kinocilia, deflecting the stereocilia
upon activation of the piezoelectric
actuator.
Imaging and 3D rendering
each ear sensory pad, we were able
to determine the optimal angle for
activation. However, the
experimental setup to place the
piezoelectric actuator at the right
angle proved more challenging. We
were limited by the need to embed

Fig. 10 – Orientation of the probe for optimal PC
activation. (A) image down the length of the probe,
showing how the fish is oriented in the dish. (B)
image through the microscope showing what the
orientation looked like in context of the fish. (C)
image of the probe as seen at the 40X zoom on the
confocal software.
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the larvae dorsal-down to be imaged on the inverted confocal microscope. Due to this, the
PC was the easiest, and only, pad we have been able to activate so far; although we have
some promising results indicating that we may soon be able to activate the AC as well.
To activate the PC, the probe must come at a 45° angle from above, and in line with the
anterior-posterior body axis, slightly indenting the posterior side of the ear, right by the
PC (fig. 10).
Using this technique we were able to consistently activate the PC, as visualized by the
increase in fluorescence of the cytoplasmic RGECO expressed in the MHC in the
Tg(myo6b:RGECO) transgenic line (fig. 11A&B). Continuously imaging the PC for a
about 11 seconds showed an increase in fluorescence that was time-locked to the
piezoelectric actuator stimulus, that was applied at about t=4 seconds (1frame»1second)
(fig. 11C). Once the activation of individual pads was achieved, mapping their specific
neuronal response in the OT became possible.

Fig. 11 – The PC can be activated by a probe connected to the piezoelectric actuator. (A) The PC
prior to activation. (B) The PC during activation. (C) Graph of the fluorescence intensity showing
activation of the pad in a time-locked manner with the triggering of the piezo.
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Posterior Cristae Activity Response in the Optic Tectum
To determine if activation of the PC leads to activity in OT neurons, we placed
the glass probe next to the PC and confirmed its activation before aligning the objective
to the contralateral OT. For each layer (imaged 10um apart) of the OT, we activated the
PC three separate times with the same piezo setup and time course as the PC trials. The
replicate trials were performed 30 seconds apart to prevent short term potentiation.
Activity of the OT neurons was determined as an increase in fluorescence from the
calcium indicator H2BjRGECO1a (fig. 12).

Fig. 12 – Representative images of the optic tectum neurons visibly responding to PC activation. (A)
The optic tectum prior to activation with activating neurons highlighted. (B) The same neurons
highlighted during activation.

Fig. 13 – Flow chart of how the raw data was analyzed. The result is a 3D projection of the OT with the
PC responding neurons labeled.
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The images from the confocal underwent extensive analysis to determine what
neurons were responding to PC activation (fig. 13). ROIs were determined using a
watershed macro in ImageJ and were visually confirmed that they each marked individual
neurons. The fluorescence measurement of each ROI through time was calculated as Df/f,
where f=the average expression of the background fluorescence prior to activation of the
piezoelectric actuator. Following this, the data was displayed as a heatmap using Rstudio.
To determine what neurons were activated, the heatmaps from all three runs were
analyzed, and the same neuron had to be activating in all three trials in a time-locked
manner to be considered a PC responding neuron (fig. 14). Sample heatmaps are shown
from one embryo (fig. 15). Layer 1 (fig. 15A) shows activation of two ROIs immediately
upon PC stimulation. Layer 5 (fig. 14, fig.15B) shows activation in one ROI a few frames
after the stimulus onset, indicating that it may be a secondary or tertiary neuron in the
microcircuitry of the OT. Layer 9 (fig. 15C) is an example of a layer with no activating
ROIs.

Fig. 14 – Triplicate heatmaps of the same larvae’s OT layer 5. To determine if a neuron was
responding to PC activation, the ROI must be seen activating in all three runs
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Fig. 15 – Representative heatmaps from different layers of the OT of a single embryo. The different
layers show different patterns evident in the activation. (A) time locked activation at the trigger, (B)
time locked activation after the trigger, and (C) no activation.

Analyzing seven larvae, we found that an average of eight neurons/OT respond to
PC activation (with a range of 3-10 neurons responding). The imaged layers were 3D
reconstructed and the responding OT neurons to the PC activation was labeled in
magenta in each 3D movie. The 3D movies of the OTs (fig. 16A) show that some of the
PC responding OT neurons reside in the neuropil, (fig. 16B) the location of superficial
interneurons (SINs).
SINs have been shown to play a role in a number of processes, but primarily
visual. These responses include motion detection, size discrimination, direcitonal
selectivity, and looming-evoked escape behaviors (Barker & Baier, 2013; Barker et al.,
2021; Yin et al., 2019b). Different subsets of SINs have specific functions, despite
similar morphologies, though most respond to primary attributes of the stimuli, indicating
that they are one of the first steps in processing raw sensory input before reaching cortex
(Barker et al., 2021; Preuss et al., 2014). Despite lots of work done in the visual system
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implicating SINs, this is the first time they have also been implicated in vestibular
information processing, suggesting that these neurons could have multisensory
integration capabilities.

Fig 16 – location of PC responsive neurons in the OT. (A) Z-projection of the contralateral OT with
neurons that respond to PC activation tagged in magenta. (B) The same OT from a lateral view of the
Z-stack

Conclusion
In this work, we have demonstrated that in 7 dpf zebrafish, the OT is able to
receive input from the auditory and vestibular systems. Previous work confirmed that at
7dpf the OT strongly responds to visual input. They showed that it received input from
the lateral line system and indicated that it receives input from the auditory system;
(Thompson et al., 2016) however, the data for this last statement was not convincing.
Through the use of chemical activation, by expressing the mammalian TrpV1 in the
zebrafish ear and subsequent activation via capsaicin, we conclusively showed that the
OT of zebrafish larvae as young as 7dpf respond to auditory and vestibular stimulation.
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Furthermore, we employed a mechanical stimulation method of individual pads to
identify their specific responding neurons in the OT. This mechanical activation via the
piezoelectric actuator has been employed previously to activate MHC in zebrafish (Corey
et al., 2004; Lu & DeSmidt, 2013; Starr et al., 2004). We were able to adapt this
technique to target the PC of larval zebrafish, while embedded dorsal side down so that
we could image the OT during activation using an inverted confocal microscope. While
not yet able to activate other pads, we have gathered some preliminary data which
indicates we may soon be able to, which will enable us to determine their unique
innervation of the optic tectum.
From our current preliminary experiments, we noticed that upon PC stimulation,
superficial interneurons (SINs) of the OT are activated, among other subclasses of
neurons. SINs have been previously identified as OT neurons that receive and process
visual input and are important in movement detection (Barker & Baier, 2013; Yin et al.,
2019). Given this, our data suggests that SINs are a possible site of multisensory
integration.
Identifying exactly what neurons integrate auditory, vestibular, visual, and
somatosensory sensory input before they reach cortex is important for understanding how
salient and relevant stimuli is identified and responded to. Deficits in the ability to
integrate these senses is a common symptom of many cognitive developmental disorders,
such as ASD. Understanding how these pathways can go awry can help elucidate the
mechanisms of these disorders. We have shown here the first steps of understanding the
auditory and vestibular microcircuitry in the OT, the primary site of sensory integration
in zebrafish.
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Future Directions
Building on this research, the next step is to determine the exact morphologies of
the PC responding neurons in the OT. This will confirm if at least some of these neurons
are indeed SINs. Moreover, looking at OT neurons that activate after the initially
responding neurons would allow us to identify the secondary or tertiary activated neurons
within the OT microcircuitry. After identifying the PC responding neurons in the OT, the
responding neurons to the stimulation from other ear sensory pads should be determined
and their morphologies imaged. Using campari, a genetically engineered protein that
permanently changes its color when activated, we can determine if two pads activate the
same neuron, or if all pad circuitry is unique.
Once number and location of the auditory and vestibular responding neurons in
the OT have been mapped, it will be important to determine their molecular identity. Our
lab has recently determined that the OT is made of at least 25 subpopulations of neurons.
(Martin et al., 2022)Doing RT-PCR on RNA isolated from individual activated neurons
in the OT would allow us to determine to what subpopulation these neurons belong
(Martin et al., 2022)

Materials and Methods
Zebrafish lines and husbandry
All experiments were performed according to guidelines established by the IACUC
review board at Brigham Young University (IACUC Protocol Number: 19-0901). All
lines have the tyrosinase gene knocked out that leads to no pigment, designated Tyr-/-.
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The y304Et(cfos:Gal4); Tg(UAS:H2BjRGECO) line was derived from crossing
the y304Et(cfos:Gal4); Tg(UAS:kaede) enhancer trap line (Marquart et al., 2015) with
Tg(UAS:H2BjRGECO) generated in our lab.
For the chemical activation experiments: the Tg(myo6b:cytoRGECO);
Tg(myo6b:TrpV1-mClover) line (a gift from David Raible at University of Washington)
was crossed with y304Et(cfos:Gal4); Tg(UAS:H2BjRGECO) to obtain a line with all 4
transgenes.
For the mechanical stimulation experiments: the
y304Et(cfos:Gal4);Tg(UAS:H2BjRGECO) line was crossed to Tg(myo6b:cytoRGECO) to
isolate y304Et(cfos:Gal4);Tg(UAS:H2BjRGECO;Tg(myo6b:cytoRGECO) larvae.
Adults and the larvae were raised on a 14h:10h light:dark cycle and maintained at
28.5°C until 7 dpf, at which point they were prepped for live imaging.

Live imaging
7 dpf embryos anesthetized with1:20 MESAB (Western Chemical, Inc.) were injected
with 3pl of 125mM a-bungarotoxin (Invitrogen Life Technologies, B1601) in the heart.
The MESAB was washed out and the embryos embedded dorsal down in 1.25% lowmelting-point agarose (Sigma, A9414-10G) on glass bottom culture dishes (MatTek,
P35G-0-10-C). A wedge of the agar was removed next to the ear for easy access of either
chemical or mechanical activation techniques. 512x512 pixels/frame, 2us/pixel images
were acquired using an Olympus FV1000 confocal microscope. We used a UAPO 40x
water lens with varying zoom (1.4 for the OT, and 4x for the pads), and the 543 laser. OT
layers 10um apart were imaged, beginning with the most dorsal layer.
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Capsaicin activation
Using the set up outlined above, 3ul of 0.001mM capsaicin was added into 3ml EM on
frame 5 of imaging next to the ear of interest. We imaged for about 180 seconds.

Lateral line ablations
7 dpf embryos were anesthetized with 1:20 MESAB and incubated in a 10uM CuSO4
solution (Macron Chemicals, 4844-04) for 2h, then left to rest in EM for 2h before
prepped for imaging.

Piezoelectric actuator activation
Using the set up outlined above, the glass probe was positioned against the pad of
interest. It was electronically triggered on frame 4 of 10 to vibrate the probe at 300 Hz for
one second at maximum amplitude. There was a thirty second break between runs to
prevent short term potentiation.

Probe
Stimulus probes were prepared from glass capillaries (OD=1.00 mm, ID=0.78 mm,
Warner Instruments), using a P97 electrode puller (Sutter Instrument). The tips were
lightly flamed to create a bulb rather than a point over a Bunsen burner.

Phalloidin imaging
7 dpf Tg(Brn3c:GFP) larvae were anesthetized with 1:25 MESAB and fixed in 4%
paraformaldehyde (PFA) (EMD, PX0055-3) for 12h at 4°C. The fixed larvae were rinsed
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3 times in phosphate buffer saline-0.1% Tween-20 (PBST) (PBS: PromoCell, C-40232;
Tween-20: Fisher BioReagents, M-12247) and once in PBS-2% TritonX-100 (Fisher
BioReagents, M-15802). Whole larvae were then incubated in Alexa Fluor 568 phalloidin
(Invitrogen, A12380) for 19h at 4°C, followed by 3 rinses in PBST. Larvae were
mounted onto glass slides (VWR, 48382-173) and covered with a coverslip (VWR,
48404-454). Each ear was analyzed with the 488nm and the 543 lasers using a
UPLSAPO60X water lens with immersion oil (Zeiss, 444969-0000-000).
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APPENDIX
Gal4/UAS Gene Expression System

The Y304 line codes for Gal4 which binds to the upstream activating sequence (UAS)
and recruits RNA polymerase to transcribe the gene of interest. In our lines, one parent
expresses Y304 in the OT and habenula, and the other contains UAS:H2BjRGECO.
When there is co-incidence of Gal4 and UAS, the embryos will express H2BjRGECO,
meaning that the calcium indicator is in the OT and habenula of the larvae.

FIJI Macro Used to Identify ROIs
//run("URL...", "url=http://rsb.info.nih.gov/ij/macros/images/cells.tif");
run("Duplicate...", "title=cells-1.tif");
run("Mexican Hat Filter", "radius=7");
run("Top Hat...", "radius=7");
run("Subtract Background...", "rolling=25");
setAutoThreshold("Li dark")
//setAutoThreshold();
run("Convert to Mask");
run("Watershed");
setThreshold(255, 255);
run("Analyze Particles...", "size=40 circularity=1 add summarize");
//run("Tile");
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R-Studio Code Used to Generate Heatmaps
```{r setup, include=FALSE}
library(tidyverse)
library(viridis)
#REPLACE the file path with your own
data <- read.csv("/Volumes/BACKUP 1/MINs/piezo/042922-7dpfPC/e2_analyzed/Layer11/Layer11-3NormalizedResults.csv", header = T)
dataMatrix <- as.matrix(data)
#run dim(data) if need to figure out how many rows/columns
dim(data)
#list column and row dimensions. Change second number
colnames(dataMatrix) <- paste0("",seq(1,131))
rownames(dataMatrix) <- paste0("",seq(1,10))
#time for the heatmap!
rng = range(c(-500, 900)) #min and max for legend scale
#RELACE axis titles if not frame and neuron. also change legend title if not activation (make sure
to replace on line 29, 30,31, 32)
#you can also change all sizes as needed
HM <- dataMatrix %>%
as.data.frame() %>%
rownames_to_column("Frame") %>%
pivot_longer(-c(Frame), names_to = "Neuron", values_to = "Activation") %>%
mutate(Neuron= fct_relevel(Neuron,colnames(dataMatrix))) %>%
mutate(Frame= fct_relevel(Frame,rownames(dataMatrix))) %>%
ggplot(aes(x=Neuron, y=Frame, fill=Activation)) +
geom_raster() +
#scale_fill_viridis_c(limits = c(rng[1],rng[2])) +
scale_fill_gradientn(colors = viridis_pal()(10), limits=c(-1, 1),
na.value = "#FDE725FF") +
#If you need the overflow to be yellow, make na.value = #FDE725FF
#If you need the overflow to be purple, make na.value = #440154FF
theme(axis.text=element_text(size=5),
axis.title=element_text(size=10),
legend.title=element_text(size=10),
legend.text=element_text(size=5),
legend.key.size = unit(.5, "cm"),
axis.text.x=element_text(angle=90)) + coord_flip()
#delete coord_flip to put axis the other way
ggsave("Layer11-3HeatMap.png", plot = HM, path = "/Volumes/BACKUP 1/MINs/piezo/0429227dpf-PC/e2_analyzed/Layer11", device = "png", width = 8, height = 11, units = "in")
```

25

